In the past, adaptive tuned vibration absorbers (ATVAs) based on magnetorheological elastomers (MREs) have mainly been developed in a shear working mode. The enhancing effect of MREs in squeeze mode has already been investigated, but ATVAs in squeeze mode have rarely been studied. This paper reports the development of a compact squeeze MRE absorber and its subsequent performance in various magnetic fields characterized under various frequencies by a vibration testing system. The results revealed that the natural frequency of the MRE absorber working in squeeze mode can be tuned from 37 Hz to 67 Hz. Following this, a theoretical model based on magnetic dipole theory was developed to investigate the dynamic performance of the squeeze MRE absorber, and the vibration attenuation of the squeeze MRE absorber was then verified by mounting it on a beam with supports under both ends. The results revealed that the squeeze MRE absorber extended its vibration attenuation range from 37 Hz to 67 Hz while the passive absorber was only effective around 53 Hz. 
Introduction
Dynamic vibration absorber (DVA), invented by Frahm in 1911 [1] , is an auxiliary mass spring system that is used to suppress vibration in a structure, and it generally consists of an oscillator, a stiffness component, and a damping component. The basic principle of operation is transferring the energy of the objects to the oscillator in the absorber. Because a dynamic vibration absorber has the advantages of simplicity, stability, high reduction of vibration, low cost and low power consumption, they are widely used to control vibration in building structures, the automotive industry, aircraft, generators, earthquake resistance, and engines [2, 3] .
DVAs mainly contain three different types which are passive DVA, active DVA and semi-active DVA. The passive DVA, which consists of mass, spring and a damper, has the advantages of simple structure and stability. However, it normally only works around the natural frequency which limits their working range and means they cannot deal with changeable frequency or multiple frequencies. To overcome these shortcomings, active and semi-active controlled dynamic vibration absorbers have been studied extensively. Active dynamic vibration absorber that consists of an oscillator, stiffness component, damping component, and an active force generator and controller, is one kind of device that uses active force to attenuate vibration. Davis et al. [4, 5] applied a piezoceramic inertial actuator (PIA) to an adaptively tuned dynamic vibration absorber (ATVA), and this allowed them to vary its natural frequency from 243 to 257
Hz. Apart from the piezoelectric actuators, the electromagnetic motors, electrical linear motors and pneumatic springs are also used to develop the active absorber [6, 7] . However, an active control system normally needs large control forces and a large power source, especially when the working frequency is far from its natural frequency. Furthermore, an active dynamic vibration absorber also increases the complexity of the system and decreases its stability, factors that limit its practical applications [8] . The semi-active DVA is composed by a changeable coefficient, albeit its composition is similar to a conventional dynamic absorber apart from having a variable coefficient element. Semi-active dynamic absorbers are generally divided into two major groups: a mechanical tuning dynamic vibration absorber and a smart material tuning dynamic vibration absorber. In terms of the mechanical tuning dynamic vibration absorber, Nagaya et al. proposed and designed a tunable vibration absorber based on a cantilever beam [9] , Walsh and Lamancusa reported on a new tunable absorber having adjustable vanes [10] , and Xu et al. developed a mechanical adaptive tuned vibration absorber by varying the distance between the two springs [11] . On the other hand, magnetorheological (MR) and electrorheological (ER) materials, shape memory alloys, and piezoelectric materials are mainly used to develop smart material based absorbers [12] [13] [14] .
Magnetorheological elastomer (MRE), as a member of the MR materials family [15] , generally consists of micro-sized magnetic particles dispersed in a non-magnetic matrix. MRE is a smart material that can vary its stiffness, respond quickly, has a simple structure, and is very stable, and it can be controlled, attributes that make MRE the ideal smart material from which to develop vibration attenuation devices, especially an adaptive tunable vibration absorber [16] [17] [18] [19] [20] [21] . The shear working mode MRE absorber has already been investigated by a number of researchers.
Ginder and coworkers did pioneering work on the development of an adaptive tunable vibration absorber based on MRE [16] . Deng et al. applied MRE to absorbers and also presented a series of MRE absorbers working in shear mode [22] . Their results indicated that the frequency of a vibration absorber can be tuned from 55 to 82 Hz. Deng and Gong then developed a compact and efficient shear working mode MRE absorber where all the components were a part of the dynamic mass [23] . The same group then extended their research by using an active force to develop active-adaptive vibration absorbers to further suppress vibration [24, 25] . Hoang and coworkers presented a conceptual ATVA with soft MREs to reduce the vibration inherent it vehicle power train systems [26, 27] . Their numerical results showed that an ATVA with MRE material can effectively work in a frequency ranging from around 7 to 70 Hz. The above research focused on the shear working mode of an MRE absorber while research on the MRE working in squeeze mode presented in existing literature is limited. Popp et al. analysed the MR effect under shear and squeeze modes based on experimental studies and simulations [28] . In their work two structures that can be considered as concept MRE absorber working in shear and squeeze mode were tested, and the results showed that the squeeze working mode MRE absorber had a larger frequency shift range than the shear MRE absorber. Thus, the squeeze working mode MRE is a good choice to extend the frequency shift range of MRE absorber. Lerner et al developed a conceptual squeeze ATVAs by using MRE in squeeze mode [29] . However, the structure of the absorber is not stable especially when there is no current is applied, which limits its practical application. Also, the coil and the magnetic conductor cannot function as dynamic mass to absorb vibration, which decreases its absorption effectiveness. Therefore, the development of a compact, stable and more effective squeeze MRE absorber which has a larger frequency shift range than shear MRE absorber is crucial. Also, theoretical analysis of the squeeze MRE absorbers to reveal the working mechanisms is also inadequate. This was the major motivation for this research into investigating a compact MRE absorber working in squeeze mode through experimental and theoretical research.
The paper is organised as follows: First, MRE material was fabricated and characterised and then a compact squeeze MRE absorber was developed, after which a vibration test system was applied to test its frequency-shift properties. A theoretical model was developed to predict the performance of an MRE absorber working in squeeze mode. Finally, the vibration attenuation performance of the MRE squeeze absorber was evaluated using a beam that was supported at both ends.
Development of squeeze working mode MRE absorber.
The conceptual structure of an MRE absorber working in squeeze mode was designed and then MRE material was prepared and tested for this conceptual MRE absorber. After this a squeeze working mode MRE absorber was developed based on the fabricated MRE.
Conceptual design.
In this part the conceptual design of a compact MRE absorber working in squeeze mode was carried out. The structure of the squeeze MRE absorbers is shown in Fig.1 where the four main parts are the oscillator, the smart spring element with MREs, the magnetic conductor, and the coil. Compared to the concept MRE absorber working in squeeze mode in Popp's paper [28] , this squeeze MRE absorber used four guide rods to keep it stable, the coil and magnetic conductor form part of the oscillator, which makes it more efficient and more compact because most components function as a dynamic mass. The working principle of this MRE is as follows; the magnetic fields generated by the coil can be controlled by the current from an external DC power, its squeeze modulus is determined by the strength of the magnetic field, its modulus determines the stiffness of the ATVA such that any change in the MRE's stiffness will vary the natural frequency of the ATVA. As a consequence the natural frequency of the ATVA can be controlled by tuning the current in the coil such that when the natural frequency of the ATVA matches the excitation frequency, the vibration can be suppressed quite significantly.
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where ω , λ ,ζ . ω is the vibration frequency . m is the mass of absorber, k is the stiffness of the spring, and c is the damping coefficient. When the magnitude transmissibility T reached its maximum value and the phase delay between the oscillator and the base was π/2, the corresponding exciting frequency was the resonance frequency. The signals were amplified by the charge amplifier (YE5851A from SINOCERA Piezotronics, Inc) and then transferred to the computer by the DAQ board to process. One DC power supply (GW INSTEK GPC-3030D, GW GPR-3030D) was used to tune the currents of the coil to control the strength of the magnetic field in the electromagnets and the stiffness of the MRE. In this way the natural frequency of an MRE absorber can be controlled.
Test of the squeeze working mode MRE absorber
The software LabVIEW was used for the testing program. The vibration package was the essential part of this system, and it was used to generate the swept sine signals and to display and record the test results of the analysis of the MRE absorber. Two analog input channels and one analog output channel was designed for this testing program. The two analog input channels were connected to the two accelerometers to measure the frequency of the MRE absorber. The analog output channel was used to excite the shaker. The frequency range was determined by the starting frequency and ending frequency. 
Theoretical analysis of the squeeze working mode MRE absorber.
In order to investigate the performance of the squeeze working mode MRE absorber, a theoretical model was built to predict the shift in frequency of an MRE absorber working in squeeze mode. Based on this model, the effect that the magnetic strength had on the natural shift of frequency is discussed.
The natural frequency of the squeeze working mode MRE absorber can be written as:
Where is the initial natural frequency and ∆ is the shift in frequency induced by the magneto:
Where is the initial modulus of the MRE, and are the effective area and thickness of simple MRE, is the mass of the oscillator, ∆ is the magnetically induced compressive modulus which was measured and shown in Fig. 3 .
Magnetic dipole model, which assumes the iron particle as magnetic dipole, ignores the interaction between external magnetic field and magnetic field of particles. This assumption in this mode may lead to some calculation error. However, this model can correctly predict the trend. Also, the magnetic dipole model has the advantage of simple and convenient to derive and easy to obtain explicit solution. Thus, magnetic dipole method was used to predict the dynamic property of MRE absorber in this section. Based on the magnetic dipole method, a theoretical approach, as presented in the Appendix, was developed to predict the magnetically induced compressive modulus ∆ under various magnetic strengths. Then the effect of oscillator mass and iron volume fraction on the frequency shift range was calculated as shown in Fig. 8 . From   Fig.8 (a) , the increase of oscillator mass from 1Kg to 4 Kg decreased the frequency shift rang from 37Hz to 19Hz. From Fig.8 (b) , the increase of the volume fraction of particles from 0.2 to 0.5 increased the frequency shift range span from 4.4Hz to 73Hz. These two relationships provide good guidance to design the MRE absorber. A comparison of the simulation and experiment results of squeeze working mode MRE absorber is shown in Fig.9 . The simulation results matched the experimental data quite well, which indicates that the model proposed to analyse the MRE absorbers working in squeeze modes predicted the frequency shift property of squeeze MRE absorbers quite well. semi-active passive Fig.12 The result of vibration attenuation of absorbers Fig.12 shows capability of the squeeze MRE absorber and passive MRE absorber to attenuate vibration. The black line is the result of the passive MRE absorber and it indicates that the passive absorber performed the best when the frequency of the exciter was equal to 53Hz, which is its natural frequency. However, its ability to attenuate vibration decreased when the frequency of the exciter was away from its natural frequency. As a comparison, the red line shows the result of the semi-active squeeze MRE absorber when its tunable frequency traced the excitation frequency. This result indicates that the squeeze MRE absorber was effective from 37Hz to 67Hz
and denotes that the semi-active squeeze MRE absorber was more effective than the passive absorber. By comparing the different capabilities of the passive absorber and squeeze working mode MRE absorber to attenuate vibration, the following conclusion can be drawn; first, because 53Hz is the natural frequency of the passive absorber, it has the same capability of suppressing vibration as the squeeze working mode MRE absorber when the frequency of excitation was 53Hz, and second, while the squeeze working mode MRE absorber retained the same capability of attenuating vibration under different frequencies of excitation, the ability of passive absorber to attenuate vibration kept decreasing such that the percentage of decrease reached 180% when the frequency of excitation decreased from 53Hz to 37Hz. A similar situation occurred when the frequency of excitation increased from 53Hz to 67Hz and the decreased in the capability of attenuating vibration reached 288%.
Conclusion
In this paper a compact squeeze working mode MRE absorber consisting of an oscillator, four guide pillars, and MREs functioning as smart spring elements was developed. The experiment results proved that it could shift its natural frequency from 37Hz at 0A to 67Hz at 2.5A. The magnetic dipole based theoretical model developed in this paper can precisely predict the MRE absorber's shift in frequency. Finally, a beam supported at each end was used to evaluate whether the squeeze mode MRE absorber could attenuate vibration as well as the passive absorber. The results showed that the squeeze working mode MRE absorber suppressed vibration from 37Hz to 67Hz while the passive absorber was only effective around its natural frequency.
This result proved that the squeeze working mode MRE absorber absorbed more vibration than the passive absorber. Then the magnetic energy of the MR elastomer, whose volume is V and volume fraction is , is obtained as follows:
The density of magnetic energy is 
